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Magnesium  manganese  silicate  (Mgi.03Mn0.97SiO4)  was  prepared  by  a  sol-gel  method  and  evaluated  as  an 
intercalation  electrode  material  for  rechargeable  magnesium  batteries.  The  crystalline  Mgi.03Mn0.97SiO4 
phase  was  obtained  after  heating  at  900  °C  and  its  electrochemical  performance  was  characterized  at 
room  temperature.  The  pure  magnesium  manganese  silicate  exhibits  a  relatively  low  reversible  specific 
capacity  in  the  electrolyte  comprising  0.25  mol  L-1  Mg(AlCl2EtBu)2/THF  owing  to  its  poor  electronic  con¬ 
ductivity.  Using  a  ball  mill  in  the  presence  of  acetylene  black,  and  in  situ  carbon  coating,  the  resulting 
composites  present  an  improved  discharge  voltage  plateau  (1.6  V  vs.  Mg/Mg2+)  and  increased  discharge 
specific  capacity  (92.9  mAhg-1  at  a  C/50  rate).  The  Mg  lower  price  and  its  feasibility  for  rechargeable  bat¬ 
teries  make  magnesium  manganese  silicate  an  attractive  candidate  for  rechargeable  magnesium  based 
batteries. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  considerable  research  interest  has  focused  on 
rechargeable  magnesium  batteries  because  of  the  great  advan¬ 
tages  of  metallic  magnesium  in  low  price,  large  theoretical  specific 
capacity,  very  low  potential  vs.  NHE  and  high  safety  [1].  In 
2000,  Aurbach  et  al.  developed  some  new  electrolyte  solutions 
based  on  ethers  and  magnesium  aluminates,  in  which  0.25  mol  L-1 
Mg( A1C12 BuEt )2 /THF  shows  the  best  performance  [2].  This  achieve¬ 
ment  boosts  the  development  of  rechargeable  magnesium  batteries 
to  a  new  level.  However,  the  choice  of  cathode  materials  is 
limited  due  to  the  difficulty  in  achieving  reversible  magnesium 
intercalation/de-intercalation  processes  in  many  hosts  owing  to  the 
strong  polarization  of  small  and  divalent  Mg2+  ion.  So  far,  MgxMo3S4 
(0  <  x  <  1 ),  whose  maximum  specific  charge  is  122  mAh  g-1 1  can  be 
regarded  as  the  most  effective  magnesium  intercalation  electrode 
material  [2].  The  other  relevant  reports  mostly  focused  on  differ¬ 
ent  transition  metal  sulfides  or  oxides,  which  presented  either  a 
small  discharge  capacity  or  a  low  discharge  voltage  [3-7].  Therefore, 
search  for  new  types  of  competitive  cathode  materials  is  necessary 
for  the  development  of  rechargeable  magnesium  batteries. 

Li2MSi04  (M  represents  certain  transition  metal  elements)  have 
been  recently  reported  as  new  cathode  materials  for  rechargeable 
lithium  batteries,  and  it  is  possible  to  exchange  two  electrons  per 
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transition  metal  atom  without  any  significant  changes  in  the  crys¬ 
tal  structure  [8-11].  The  lattice  stabilization  effect  deriving  from 
the  strong  covalent  Si-0  bond  could  translate  into  electrochemical 
and  chemical  safety  in  a  voltage  domain.  In  addition,  the  transi¬ 
tion  metal  M  should  possess  more  than  two  neighboring  oxidation 
states  to  achieve  the  ultimate  goal  to  exchange  both  lithium  ions. 
Among  the  transition  metal  silicates,  Li2MnSi04  is  a  good  choice 
for  potential  cathode  material  [12-17].  On  the  other  hand,  it  was 
reported  that  the  strong  inductive  effect  of  the  polyanion  can  mod¬ 
erate  the  transition  metal  redox  couple  to  generate  a  relatively  high 
operating  voltage  [18].  Enlightened  by  the  existing  results  and  con¬ 
siderations  related  to  Li2MnSi04,  we  attempted  to  investigate  the 
manganese  silicate  compound  as  magnesium  intercalation  elec¬ 
trode. 

In  view  of  that  the  theoretical  capacity  of  Mg103Mno.97Si04  can 
reach  as  high  as  314  mAh  g-1  based  on  the  assumption  of  full  charge 
of  one  Mg,  we  have  prepared  its  nanosized  powder  sample  by 
a  sol-gel  route  and  investigated  its  electrochemical  intercalation 
behavior  in  the  present  work. 

2.  Experimental 

2.1.  Preparation  and  characterization  of  Mgi03Mno.97Si04 

Mgi.03MrL0.97SiO4  was  prepared  by  a  sol-gel  process.  The 
starting  precursors  were  magnesium  acetate  tetrahydrate 
(MgAc2-4H20),  manganese(II)  acetate  tetrahydrate  (MnAc2-4H20), 
and  tetraethyl  silicate  (C8H20O4Si).  First,  0.02575  mol  MgAc2-4H20 
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and  0.02425  mol  MnAc2-4H20  were  added  into  60  mL  ethanol 
under  electromagnetic  stirring.  Second,  0.025  mol  tetraethyl  sili¬ 
cate  with  molar  ratio  of  1.03:0.97:1  for  Mg,  Mn  and  Si  was  added 
to  the  obtained  solution  and  kept  thoroughly  stirring.  Next,  the 
obtained  mixture  was  further  stirred  at  60  °C  for  at  least  24  h  under 
argon  atmosphere  to  form  a  white  thick  liquid,  which  was  then 
dried  at  100  °C  under  vacuum  overnight  to  give  a  white  powder. 
After  thoroughly  grinding  with  a  mortar  and  pestle,  the  obtained 
powder  was  heated  in  a  pure  argon  atmosphere  at  500  °C  for 
5  h,  followed  by  final  firing  at  various  temperatures  for  24  h  in  a 
conventional  tube  furnace  under  argon  atmosphere. 

In  order  to  increase  the  electronic  conductivity,  reduce  or  hinder 
particle  agglomeration,  thus  improve  the  electrochemical  perfor¬ 
mance  of  the  sample,  two  kinds  of  carbon  coating  methods  were 
adopted:  (i)  mechanical  coating  by  ball  milling,  (ii)  in  situ  pyrolysis 
of  carbon  precursor.  For  mechanical  carbon  coating,  the  resulted 
Mgi.03Mn0.97SiO4  was  ball-milled  with  20wt.%  acetylene  black 
for  4h  to  obtain  Mgli03Mno.97Si04/AB  composite.  The  alternative 
method,  designated  as  in  situ  carbon  coating,  was  to  add  sucrose 
during  the  hydrolysis  process,  followed  by  drying  and  heat  treat¬ 
ment.  The  resulting  product  is  named  as  Mgi.03Mn0.97SiO4/C. 

The  X-ray  powder  diffraction  pattern  was  recorded  on  a  D/MAX- 
2200/PC  Rigaku  diffractometer  equipped  with  Cu  Ka  radiation 
(A  =  0.15406  nm)  at  a  rate  of  4°  min-1.  The  20  range  used  in  the 
measurement  was  from  15°  to  75°.  The  particle  morphology  was 
observed  using  scanning  electron  microscopy  (SEM)  on  a  JEOL 
field-emission  microscope  (JSM-7401F)  and  transmission  electron 
microscopy  (TEM)  on  a  JEOL  high-resolution  electron  microscope 
(JEM-2010).  The  coated  carbon  was  detected  by  energy  dispersive 
spectrometer  (EDS)  and  the  carbon  content  in  the  composite  mate¬ 
rial  was  determined  by  the  carbon  elemental  analysis  combustion 
method  on  a  CEINS/O  elemental  analyzer  (American  PerkinElmer). 

2.2.  Electrochemical  measurements 

The  electrodes  were  prepared  by  casting  and  pressing  a  78 : 12 : 10 
weight-ratio  mixture  of  as-synthesized  Mgi.03Mn0.97SiO4  (or  its 
composites  with  carbon),  acetylene  black  and  polyvinylidene  flu¬ 
oride  (PVDF)  binder  onto  a  copper  foil  current  collector  followed 
by  drying  in  vacuum  at  120  °C  for  8h.  Test  cells  were  assembled 
in  a  glove  box  under  pure  argon  atmosphere  (less  than  1  ppm 
of  water  and  oxygen).  Electrochemical  magnesium  intercalation 
was  evaluated  via  CR2016  coin-type  cells  containing  0.25  mol  L-1 
Mg( A1C12 BuEt  )2 /THF  with  magnesium  strip  counter  electrode  and 
Entek  PE  membrane  separator.  Charge-discharge  measurements 
of  the  coin-type  cells  were  carried  out  at  various  rates  on  a  Land 
battery  measurement  system.  The  voltage  was  kept  below  2.1  V 
(vs.  Mg/Mg2+)  to  avoid  degradation  of  the  electrolyte  and  corro¬ 
sion  of  the  copper  current  collector.  There  are  30  s  rest  between 
both  charge  and  discharge  voltages.  Cyclic  voltammograms  (CVs) 
and  AC  impedance  spectroscopy  were  measured  in  three-electrode 
cells  inside  the  glove  box  at  room  temperature  using  CHI650C 
Electrochemical  Workstation  (Shanghai,  China).  The  impedance 
measurements  were  carried  out  by  applying  5  mV  amplitude  over 
a  frequency  range  of  100.00  kHz  to  0.1  Hz. 

3.  Results  and  discussion 

X-ray  diffraction  (XRD)  was  used  to  determine  the  crystallinity 
and  phase  structure  of  the  synthesized  materials.  Fig.  1  shows  the 
XRD  patterns  of  Mgi.03Mn0.97SiO4  that  were  heat-treated  at  various 
temperatures  under  pure  argon  atmosphere.  The  material,  result¬ 
ing  from  the  sol-gel  reaction  and  drying  overnight  at  100  °C  under 
vacuum,  shows  various  weak  XRD  peaks,  corresponding  to  a  low- 
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Fig.  1.  XRD  patterns  of  Mgi.03Mn0.97SiO4  obtained  at  various  treatment  tempera¬ 
tures,  and  its  standard  pattern  (JCPDS-ICDD  83-1546). 

crystalline  and  multi-component  character.  By  heat  treatment  at 
500  °C,  the  crystallized  product  begins  to  form.  After  further  fir¬ 
ing  at  700  °C,  all  the  characteristic  peaks  appear.  The  difference  in 
XRD  responses  between  the  samples  calcinated  at  700  and  900  °C 
suggests  that  complete  crystal  growth  of  Mgi.03Mn0.97SiO4  can  be 
realized  at  relatively  high  temperature.  The  diffraction  peaks  of  the 
sample  after  calcination  at  900  °C  are  fully  consistent  to  the  stan¬ 
dard  structure  indexed  by  JCPDS-ICDC  83-1546.  Unreacted  starting 
materials  and  metallic  oxide  phases  cannot  be  detected  in  the  prod¬ 
uct. 

The  crystal  system  of  Mgi.03Mn0.97SiO4  belongs  to  orthorhom¬ 
bic,  and  the  refined  cell  parameters  are:  a  =  4.794,  b  =  10.491  and 
c  =  6.123  A;  space  group:  Pbnm  (62).  The  refined  crystal  structure  in 
polyhedral  representation  with  the  co-ordinate  system  is  presented 
in  Fig.  2a.  Typical  octahedral  and  tetrahedral  patterns  can  be  recog¬ 
nized.  Alternate  sites  of  MglMnl  (represents  as  balls  with  1)  and 
Mg2Mn2  (represents  as  balls  with  2)  are  within  the  octahedra  and 
Si  sites  are  within  the  tetrahedra,  while  oxygen  atoms  are  in  the 
corners.  Fig.  2b  shows  the  corresponding  ball-stick  model  and  the 
relevant  atomic  parameters  are  given  in  Table  1 .  The  obtained  crys¬ 
tal  structure  reveals  mixed  site  occupation  of  the  same  octahedral 
sites  by  Mg  and  Mn,  but  with  different  atomic  site  occupied  fraction 
(S.O.F.,  see  Table  1).  That  is  to  say,  there  are  two  kinds  of  possible 
positions  for  Mg  atoms  in  this  structure  with  different  geometrical 
circumstances. 

The  sol-gel  synthesis  technique  offers  a  convenient  way  for  pro¬ 
ducing  powder  materials  with  small  particle  size  by  homogeneous 
mixing  of  reagents  on  an  atomic  scale.  It  is  well  known  that  nano¬ 
sized  materials  may  have  better  electrochemical  performance  than 
bulk  ones.  A  decrease  in  the  average  particle  size  means  a  shorter 
diffusion  length  for  magnesium  ions  in  the  host  and  higher  surface 
area  in  contact  with  the  electrolyte  solution,  which  may  improve 

Table  1 

Atomic  parameters  of  Mgi.03Mno.97Si04 
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Fig.  2.  Ordered  crystal  structure  of  Mgi.03Mn0.97SiO4.  Alternate  MglMnl  and 
Mg2Mn2  are  shown  as  balls  marked  with  1  and  2,  respectively.  Unit  cell  and  cell 
axes  are  outlined,  (a)  Depiction  of  polyhedral  connectivity;  (b)  ball-stick  model. 


the  intercalation  kinetics.  Fig.  3  exhibits  the  morphology  of  the 
obtained  Mgi.03Mno.97Si04  particles  without  (Fig.  3a)  and  with  in 
situ  carbon  coating  (Fig.  3b).  The  pure  product  presents  a  relatively 
wide  particle  size  distribution  from  tens  of  nanometers  (first  dis¬ 
tribution)  to  several  microns  because  of  the  particles’  aggregation 
(Fig.  3a).  In  order  to  suppress  the  agglomeration  and  enhance  the 
powder’s  electronic  conductivity,  the  fired  material  prepared  at 
900  °C  was  mechanically  ball-milled  in  the  presence  of  acetylene 
black.  After  such  a  treatment,  the  agglomerated  extent  is  decreased 
and  the  electrochemical  performance  is  improved  obviously  (see 
Fig.  5a).  On  the  other  hand,  the  homogeneous  particle  dispersion  is 
obtained  by  in  situ  carbon  coating  and  the  particle  size  is  reduced 
to  less  than  one  hundred  nanometer  (see  Fig.  3b).  The  TEM  imaging 
further  shows  that  the  primary  particle  size  is  about  30-80  nm  and 
the  outer  grey  layer  on  the  Mgio3Mno.97Si04  particle  is  estimated 
to  be  less  than  10 nm  (see  Fig.  4a),  which  was  affirmed  to  be  car¬ 
bon  by  EDS  analysis.  In  fact,  the  solution  phase  mixing  process  can 
ensure  uniform  sucrose  dispersion  in  the  gel  product.  During  the 
subsequent  high-temperature  treatment,  sucrose  will  go  through  a 
melting  state,  which  is  favor  of  its  homogeneous  coating  and  thus 
suppresses  the  particle  agglomeration.  The  measurement  result 
using  the  PerkinElmer  2400  Series  II  CFINS/O  elemental  analyzer 


indicates  that  the  amount  of  carbon  in  the  sample  prepared  by  in 
situ  carbon  coating  process  was  9.76  wt.%.  But  as  determined  by 
TEM,  not  all  the  carbon  was  coated  on  the  Mg^Mno^SiC^  parti¬ 
cles;  part  of  it  is  embedded  in  the  composite  matrix  (see  Fig.  4b), 
which  may  also  contribute  to  the  improvement  of  the  material’s 
conductivity.  In  this  article,  we  chose  sucrose  as  the  carbon  pre¬ 
cursor  to  improve  the  sample’s  electrochemical  performance  by 
increasing  the  electronic  conductivity  and  reducing  or  hindering 
particle  agglomeration.  This  technology  has  been  used  for  improv¬ 
ing  the  electrochemical  performance  of  electrode  materials  and  the 
feasibility  has  been  verified  by  the  experimental  results  [19,20].  It 
was  reported  that  such  carbon  was  disordered  (hard  carbon)  and 
contained  a  large  fraction  of  single  grapheme  layers  [21].  In  addi¬ 
tion,  the  stacking  of  the  single  grapheme  layers  could  be  visualized 
as  a  “house  of  cards”  that  gave  rise  to  nanoporosity  in  the  materials. 
According  to  our  experiment  results,  this  type  of  carbon  does  not 
hinder  the  transfer  of  the  Mg  ions. 

The  charge-discharge  measurements  were  carried  out  on  the 
Land  battery  measurement  system  at  room  temperature.  The  elec¬ 
trochemical  activities  of  the  three  silicate  samples  are  inferred  from 
Fig.  5a.  When  discharged  at  a  C/25  rate,  the  specific  capacity  of 
Mgi.o3Mno.97Si04  was  only  19.3  mAh g-1  and  the  discharge  volt¬ 
age  plateau  was  very  low  and  unobvious.  This  is  the  result  of  low 
intrinsic  electronic  conductivity  and  the  slow  magnesium  diffusion 


Fig.  3.  SEM  images  of  the  Mgi.o3Mno.97Si04  (a),  and  Mgi.03Mn0.97SiO4/C  (b). 
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Fig.  4.  TEM  image  of  the  Mgi.03Mn0.97SiO4/C  prepared  by  in  situ  carbon  coating 
process. 


kinetics  within  the  grains  of  pure  silicate.  By  simple  ball  milling 
with  20  wt.%  acetylene  black,  the  discharge  specific  capacity  can  be 
enhanced  to  53.3  mAh  g-1 .  The  best  performance  is  obtained  when 
in  situ  carbon  coating  is  adopted.  In  situ  carbon  coating  enhances 
the  electronic  conductivity  greatly  and  also  suppresses  the  agglom¬ 
eration  of  nanoparticles.  Thus,  the  electrochemical  polarization  is 
minimized  due  to  the  shortened  ionic  diffusion  length  within  the 
particles  and  increased  contacting  area  between  reactant  phase 
and  electrolyte.  As  a  result,  the  utilization  of  the  active  material 
is  enhanced.  The  Mgi.03Mn0.97SiO4/C  composite  gives  the  highest 
discharge  capacity  of  77.9  mAh  g-1  at  a  C/25  rate,  along  with  an 
enhanced  and  more  flat  discharge  voltage  plateau  (mainly  at  1.6  V 
vs.  Mg2+/Mg). 


The  electrochemical  kinetic  behavior  of  the  Mg^Mno^SiC^/C 
composite  was  further  examined.  Fig.  5b  shows  the  intercala¬ 
tion  curves  at  C/50,  C/20  and  C/10  rates  for  Mg^Mno^SiCTj/C. 
Accordingly,  the  specific  intercalation  capacities  of  92.9,  63.6  and 
36.8  mAh  g-1  are  obtained.  The  major  intercalation  voltage  plateau 
is  very  flat  and  as  high  as  about  1.6  V  vs.  Mg/Mg2+.  To  the  best  of 
our  knowledge,  the  discharge  voltage  plateau  of  1.6  V  vs.  Mg/Mg2+ 
is  the  highest  value  among  all  of  the  reported  cathode  materials  for 
rechargeable  magnesium  batteries.  However,  the  high  sensitivity 
of  specific  capacity  upon  current  rate  indicates  that  the  intrinsic 
kinetic  property  of  Mgi.03Mn0.97SiO4  must  be  poor,  which  should 
be  further  improved. 

It  is  noted  that  two  discharge  voltage  plateaus  exist  for  all  the  as- 
prepared  samples.  For  Mgi>03Mn0.97SiO4,  Mg1>03Mn0.97SiO4/AB,  and 
Mgi.o3Mno.97Si04/C,  the  corresponding  discharge  voltage  plateaus 
are  at  1.4/1.0, 1.5/1.1  and  1.6/1.2  V  vs.  Mg/Mg2+,  respectively.  Carbon 
coating  improves  the  interfacial  conductivity  and  suppresses  the 
voltage  polarization,  leading  to  the  plateau  enhancement.  The  two 
voltage  plateaus  may  be  explained  by  two  kinds  of  energy  sites  with 
different  geometrical  and  electrostatic  limitations  for  the  inserted 
Mg  atoms  in  the  magnesium  deficient  cathode  material.  This  result 
is  consistent  with  the  crystal  structure,  as  shown  in  Fig.  2. 

Cyclic  voltammograms  using  Mg103Mn0.97SiO4  and 
Mgi.o3Mno.97Si04/C  as  the  magnesium  intercalation  electrodes  are 
shown  in  Fig.  6.  There  are  two  pairs  of  redox  peaks  marked  as  a,  a' 
and  b,  br,  respectively,  which  can  be  attributed  to  the  intercalation 
and  de-intercalation  reactions.  That  is  to  say,  the  Mg2+  intercalation 
into  the  magnesium  deficient  positive  electrode  proceeds  via  two 
stages,  which  is  in  good  agreement  with  the  analysis  of  its  crystal 
structure.  Compared  to  Mg103Mn0.97SiO4,  the  peak  current  density 
is  much  larger  for  Mg1>03Mn0.97SiO4/C,  and  its  oxidation  peaks  shift 
to  the  negative  direction  and  the  reduction  peaks  to  the  positive 
direction,  indicating  a  decrease  of  the  potential  polarization.  This 
result  is  in  accordance  with  the  discharging  behavior  observed  on 
the  Land  battery  measurement  system. 

The  Nyquist  plots  obtained  before  charge  and  discharge  are  com¬ 
pared  in  Fig.  7  for  the  Mg1<03Mn0.97SiO4  (a)  and  Mgli03Mn0.97SiO4/C 
(b)  electrodes.  The  impedance  diagram  has  three  parts  for  both 
the  samples.  The  high  frequency  small  semicircle  is  due  to 
the  magnesium-ion  transfer  reaction  in  the  surface  film  of  the 
electrode,  the  low-middle  frequency  arc  is  due  to  the  charge 
transfer  reaction  at  the  surface  film/active  material  interface, 
while  the  inclined  straight  line  in  the  low-frequency  region  rep- 
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rates  (b),  respectively. 
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Table  2 

Equivalent  circuit  data  of  Mgi.03Mn0.97SiO4  and  Mgi.03Mn0.97SiO4/C 


Sample 

Re  (Q) 

CPE!  Cf  (fxF) 

Rf(£2) 

CPE2 

Cdi  (p-S) 

n 

Ra  (£2) 

CPE3  (|jlS) 

Mgi.o3Mno.97Si04 

121.1 

137 

1.649  x  104 

15.9 

0.7888 

577 

153 

Mg1.o3Mno.97Si04/C 

78.86 

1.954 

1.173  xlO4 

8.954 

0.8034 

8.404 

108.7 

Potential  (V) 
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Fig.  6.  Cyclic  voltammograms  of  Mgi.03Mn0.97SiO4  and  Mgi.03Mn0.97SiO4/C  mea¬ 
sured  at  a  scan  rate  of  5mVs-1.  Insert  is  the  segmental  enlarged  image  using 
Mg1.03Mn0.97SiO4  electrode. 


Fig.  8.  Plots  of  discharge  capacity  vs.  cycle  number  together  with  average  plateau 
voltage  vs.  cycle  number  using  Mgi.03Mn0.97SiO4/C  electrode  at  a  rate  of  C/25.  Insert 
is  the  voltage-discharge  specific  capacity  profile  for  the  first,  second  and  tenth  cycles. 


resents  a  diffusion-controlled  process  [22].  We  find  the  diameter 
of  the  low-middle  semicircle  is  reduced  considerably  for  the 
Mgi.03Mn0.97SiO4/C  electrode  material.  It  means  that  the  charge 
transfer  resistance  can  be  suppressed  by  a  thin  layer  of  car¬ 
bon  coating,  which  is  an  important  reason  for  the  lower  voltage 
polarization  and  higher  discharge  capacity  compared  to  the  pure 
Mgi.03Mn0.97SiO4.  Relevant  equivalent  circuit  is  also  shown  in  Fig.  7. 
The  resistance  contribution  from  the  electrolyte  and  electrode  is 
represented  by  Re.  Other  parameters  include:  and  Cf  related  to 
surface  film,  Rct  and  Cdl  to  charge  transfer,  and  Warburg  impedance 
Zw.  The  parameters’  values  for  said  circuit  elements  of  the  two  sam¬ 
ples  are  shown  in  Table  2.  Carbon  coating  results  in  a  decrease  of 
Re,  Rf  and  Rc t  values.  The  improved  electrode  and  interface  behav¬ 
ior  is  consistent  with  the  results  of  cyclic  voltammetry  tests  and 
charge-discharge  measurements. 


Fig.  7.  Impedance  plots  for  electrodes  of  Mgi.03Mn0.97SiO4  (a)  and 
Mgi.03Mn0.97SiO4/C  (b).  Insert  is  the  equivalent  circuit  fitting  the  experimental  data. 


The  magnesium  intercalation/de-intercalation  cycle  behavior 
of  Mgi.03Mn0.97SiO4/C  material  was  also  characterized.  Plots  of 
discharge  specific  capacity  vs.  cycle  number  together  with  aver¬ 
age  plateau  voltage  vs.  cycle  number  using  Mgi.03Mn0.97SiO4/C 
electrode  at  a  rate  of  C/25  were  shown  in  Fig.  8.  A  reversible 
intercalation/de-intercalation  phenomenon  could  be  observed, 
although  the  capacity  of  ca.  80  mAh  g-1  is  not  high.  Insert  is  the 
voltage-discharge  specific  capacity  profile  for  the  first,  second  and 
eighth  cycles.  It  is  noted  that  there  is  a  capacity  loss  of  ca.  20% 
during  the  first  cycle.  The  structure  defects  of  the  electrode  and 
the  active  phase  as  well  as  the  slow  magnesium-ion  diffusion  in 
the  original  silicate  may  be  responsible  for  the  initial  irreversibility 
[23].  In  addition,  the  initial  electrochemical  reaction  may  accom¬ 
pany  with  the  electrolyte  decomposition  and  surface  filming  on 
the  electrode  as  often  occurred  on  electrodes  of  lithium  ion  cells. 
This  could  also  cause  some  electrochemical  irreversibility.  On  the 
other  hand,  the  voltage  difference  between  intercalation  and  de¬ 
intercalation  reduces  and  the  discharge  specific  capacity  becomes 
larger  with  the  progressive  cycle  number.  A  reasonable  expla¬ 
nation  for  this  result  is  that  the  electrochemical  activity  of  the 
Mgi.o3Mno.97Si04/C  is  gradually  activated  during  cycling.  Owing 
to  the  low  magnesium  diffusion  rate,  it  is  difficult  for  the  ions  to 
transport  within  an  Mgi>03Mn0.97SiO4  particle  and  for  charge  trans¬ 
fer  to  occur  on  the  surface.  Therefore,  diffusion  tunnels  have  to 
be  gradually  established  for  the  magnesium  ions  from  the  exte¬ 
rior  to  the  interior  of  the  particles.  Only  after  such  a  procedure  is 
completed,  the  voltage  polarization  can  be  suppressed  to  a  certain 
degree  and  Mg-storage  capacity  reaches  its  maximum.  More  exper¬ 
imental  and/or  computational  work  will  be  needed  to  understand 
the  detailed  magnesium  intercalation/de-intercalation  mechanism 
and  to  improve  the  electrochemical  performance. 

4.  Summary 

Magnesium  manganese  silicates  prepared  by  a  sol-gel  pro¬ 
cess  exhibit  distinct  and  reversible  electrochemical  intercalation 
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behavior.  The  nanosized  powder  configuration  shortens  ionic  dif¬ 
fusion  length  within  the  particles  and  increases  the  contacting 
area  between  reactant  phase  and  electrolyte.  As  a  result,  the  elec¬ 
trochemical  polarization  is  suppressed  and  the  utilization  of  the 
active  material  is  enhanced.  Moreover,  it  is  found  that  in  situ  carbon 
coating  is  an  important  step  for  improving  the  electrochemical  per¬ 
formance.  The  intercalation  voltage  plateau  for  Mgi>03Mno.97Si04/C 
is  as  high  as  about  1.6  V  vs.  Mg/Mg2+,  and  the  specific  capacity 
can  reach  to  92.9  mAh  g-1  cycled  at  a  C/50  rate.  In  light  of  its  low 
cost  and  environment  friendliness,  magnesium  manganese  silicate 
could  be  a  promising  intercalation  electrode  material  for  advanced 
rechargeable  magnesium  batteries.  An  optimization  of  both  the 
material  structure  and  the  electrolyte  compatibility  is  necessary 
to  increase  the  specific  capacity  and  cycle  performance. 
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